So far, only a single heron hepatitis B virus genome (HHBV-4) has been cloned and sequenced. Therefore, neither the significance of its sequence divergence from other avian hepadnaviruses nor the sequence variability of HHBV genomes in general are known. Here we have analysed the sequence heterogeneity of HHBV genome populations in several sera from naturally infected herons. A highly sensitive PCR method for full-length HHBV genome amplification was established which allowed direct sequencing of entire HHBV populations without prior cloning. Sequences of HHBV genomes from four sera were thus obtained which differed from those of HHBV-4 by up to 7 %. Some of the divergent nucleotides and the corresponding amino acids of the predicted viral proteins were conserved in all four new HHBV isolates and varied only in HHBV-4.
Introduction
The family Hepadnaviridae is divided into two genera, Orthohepadnavirus and Avihepadnavirus. Orthohepadnaviruses have been found in humans (HBV), woodchucks (WHV) and squirrels (GSHV and ASHV) (Scho$ del et al., 1989 ; Testut et al., 1996) . Avihepadnaviruses have been detected in various duck species (DHBV), in grey herons (HHBV) (Sprengel et al., 1988 ; Scho$ del et al., 1991) and in a Ross goose (RGHV) (J. Newbold, personal communication). All hepadnaviruses primarily infect the liver and have a very narrow host range (Scho$ del et al., 1989) . DHBV infects most duck species and geese (Marion et al., 1987 ; Pugh & Simmons, 1994) whereas HHBV infects grey herons but not ducks (Sprengel et al., 1988) . A recombinant Author for correspondence : Hans Will.
Phone/Fax j49 40 48051 221. e-mail will!uke. uni-hamburg.de This indicates that the HHBV-4 genome is not in all aspects representative of this class of viruses. Interestingly, a highly conserved ORF upstream of the C-gene present in a position analogous to that of the mammalian hepadnavirus X-gene became apparent in all HHBV genomes. In contrast to the duck hepadnaviruses, the small (sAg-S) instead of the largest (sAg-L) envelope protein of all HHBVs has a myristylation site. These data confirm the significant sequence divergence of HHBV from other avian hepadnaviruses. Moreover, they show that HHBV has low sequence variability and indicate two new and unique features not evident in other avihepadnaviruses : an additional, highly conserved gene and potential myristylation of the sAg-S instead of the sAg-L envelope protein.
HHBV containing the preS-domain of DHBV was shown to infect ducks indicating that a host range specific determinant is localized in this region (Ishikawa & Ganem, 1995) .
Characteristic for all hepadnaviruses is a small circular, partially double-stranded genome (3n0-3n3 kb) which is created during reverse transcription of an RNA pregenome within the viral nucleocapsid. During virus maturation the viral core acquires an envelope into which two classes of virus encoded proteins, designated small (sAg-S) and large S (sAg-L) proteins, are inserted. The genomes of orthohepadnaviruses contain four genes and those of the avihepadnaviruses three genes. The longest of the three common genes (P-gene) encodes the multifunctional P-protein, which has three enzyme activities [reverse transcriptase (RTase), DNA-dependent DNA polymerase and RNase H] and serves as primer for DNA minusstrand synthesis. The second largest gene (preS\S-gene) encodes the envelope proteins (sAg-S and sAg-L whereas the smallest gene (preC\C-gene) encodes the nucleocapsid (cAg) 0001-4665 # 1997 SGM BHAH and a secretory protein, designated e-antigen (eAg). A further gene, designated X, is present only in orthohepadnaviruses and encodes a 17 kDa protein (pX) which appears to be essential for the establishment of chronic infection (Chen et al., 1993 ; . The association of chronic hepatitis B virus infection with an increased risk for development of hepatocellular carcinoma in mammals but not in ducks as well as the transcriptional transactivating function of mammalian hepadnavirus X-proteins have led to the speculation that X-proteins may play a role in hepatocarcinogenesis (reviewed in Yen, 1996) . However, due to the larger size of the avian hepadnavirus core protein coding region compared to the mammalian viruses and based on weak sequence similarities of the middle region of duck hepatitis core protein (DHBc) with mammalian hepadnavirus X-protein it was also speculated that DHBc may have a function similar to that of the X-protein (Feitelson & Miller, 1988) .
Evolutionary and genetic classification of the hepadnavirus family has revealed the degree of sequence divergence between the mammalian hepatitis B viruses and the duck hepatitis B viruses (Orito et al., 1989) . For the avian hepatitis B viruses, the phylogenetic tree shows three major branches : DHBV genomes isolated from ducks in Western countries, from ducks in China, and an HHBV genome isolated from a grey heron. Chinese and Western country DHBV isolates differ in DNA sequence by approximately 10 % . The only HHBV genome sequenced so far (HHBV-4) diverges in DNA sequence from all other DHBV isolates by more than 20 %. At the protein sequence level a very high divergence of 50n3% is observed in the preS-domain of the large envelope protein whereas the other genes are rather highly conserved between DHBV and HHBV (Sprengel et al., 1988 . This is consistent with the finding that HHBV produced by transfection of cloned DNA in hepatoma cells infects primary duck hepatocytes only very inefficiently (Ishikawa & Ganem, 1995) and does not lead to chronic infection in ducks (Sprengel et al., 1988) . Due to the lack of permissive cells and because grey herons are highly protected animals, it is neither known whether HHBV-4 virions are infectious nor whether the HHBV-4 DNA sequence is representative for this type of virus.
In order to define representative HHBV sequence features we established a highly sensitive method for amplification and direct sequencing of full-length HHBV DNA. Based on these sequences two unexpected characteristics of HHBV became apparent. First, a highly conserved gene is present in a position analogous to that of the X-gene of mammalian hepadnaviruses. Second, unlike all hepadnaviruses known so far, the small but not the large envelope protein has a myristylation site.
Methods
Sera. Serum samples from herons were kindly provided by E. F. Kaleta from the Veterina$ rmedizinische Hochschule Hannover (Hannover, Germany). HHBV viraemia was determined by dot blot analysis as described by Sprengel et al. (1988) .
Amplification of complete HHBV genomes from virions.
HHBV DNA was amplified without prior extraction directly from 10 µl of serum. Serum samples were diluted in TE (10 mM Tris-HCl, 1 mM EDTA), boiled for 10 min, centrifuged for 20 min at 10 000 g, and the supernatant finally used for PCR. For amplification of the complete HHBV genome primers were designed which anneal to the nick region (nomenclature according to Sprengel et al., 1988) : primer P1 is specific for the region between nt 2538-2561 (5h ATTACACCCCTCTCCATT-CGGAGC 3h) and primer P2 aligns to the region between nt 2542-2519 (5h TAATCTTAGAGACCACATAGCCT 3h). In addition, each primer contains a heterologous sequence at its 5h-end with restriction sites for BglII and SapI. The PCR reaction was carried out with the Expand High Fidelity system (Boehringer Mannheim). A ' Hot Start PCR ' was performed using 45 µl of the reaction mix [4n5 µl high fidelity buffer (HFB) from Boehringer Mannheim, 5 µl dNTPs (2 mM), 100 pmol of both primers in 1n5 µl each, 10 µl supernatant of denatured serum adjusted to 45 µl with water] heated to 80 mC, to which 5 µl of the enzyme mix (2n5 units of enzyme in HFB) was then added. Amplification was carried out in a Robocycler (Stratagene) for 40 cycles (denaturation 40 s at 94 mC; annealing 1n5 min at 60 mC ; extension 3 min at 68 mC with an increment of 2 min after 10 cycles). Each assay was performed in duplicates. Negative controls were run in parallel in all assays and did not show any specific products. The experimentally determined number of mutations introduced artificially by Taq\Pwo in this assay is fewer than 3 nucleotides per cloned molecule (S. Gu$ nther, G. Sommer, T. Kalinia, M. Sterneck, A. Iwanska & H. Will, unpublished results). Note, however, by direct sequencing of genome populations as done in our experiment even these few artificially introduced mutations do not become evident because of the random distribution of mutations on individual molecules.
Direct DNA sequencing and analysis of the PCR products. Each amplified DNA sample was purified by the QIAquick PCR purification kit (Qiagen) and then used for direct sequencing. Sequencing products were analysed on a LI-COR model 4000 DNA sequencer using gels consisting of 5 % Sequagel XR with 7 M urea in buffer (90 mM Tris, 90 mM boric acid and 2 mM EDTA). Thus, between 900 and 1000 bp were read with each primer. The Base ImagIR software supplied with the model 4000 DNA sequencer was used for data collection and image analysis. When more than one band with the same electrophoretic mobility was seen in different lanes, it was taken as evidence for the heterogeneity of the sequence of the virus at the corresponding nucleotide position. These positions are indicated in Fig.  3 using the ambiguity codes for the DNA sequence. For the prediction of the protein sequences only the most dominant signal on the sequencing gels was taken into account. Sequence analysis was performed with the software package provided by the Wisconsin Genetics Computer Group, Madison, USA (Devereux et al., 1984) .
Results and Discussion

Strategy for amplification of full-length HHBV genomes
Based on a method previously described for HBV (Gu$ nther et al., 1995) we first established an analogous method for PCRmediated DNA amplification of full-length HHBV genomes. The oligonucleotide primers (P1 and P2) used hybridize to the HHBV-4 nick region such that full-length amplification is efficient because the nick region of the viral genome does not need to be bridged (Fig. 1) . Although the precise position of the nick region of HHBV is not known it can be predicted from the highly homologous sequence in the DHBV genomes. However, the sequence of the nick region of all known DHBV isolates differs in a few nucleotides from those in HHBV-4 (Scho$ del et al., 1991) . Therefore, only HHBV but no DHBV genomes can be amplified with these primers as experimentally verified with HHBV and DHBV viraemic sera as well as with the corresponding cloned viral genomes (data not shown).
For cloning purposes the 5h-ends of the primers P1 and P2 used for amplification contain heterologous sequences with cleavage sites for the restriction enzymes SapI and BglII (Fig. 1) . Upon cleavage of the amplification products with SapI monomeric HHBV-4 genomes with sticky ends devoid of any heterologous sequences will be released. These genomes can be used directly, without prior cloning, for transfection of cells and functional analysis as described for HBV (Gu$ nther et al., 1995) . A SapI restriction enzyme cleavage site neither exists within the published HHBV-4 genome nor is it present in any of the published DHBV genomes. al., 1995) and the high titre of HHBV in heron sera (usually 10)-10"! genome equivalents\ml ; unpublished data) encouraged us to test whether HHBV DNA can be amplified from sera even without prior protease digestion and DNA extraction. Therefore, each of four sera was diluted up to 1 : 20 000, boiled, and the DNA amplified by PCR (for details see Methods). The amplification products separated on agarose gels were visualized by ethidium bromide staining (Fig. 2) . In all four sera, molecules approximately 3n0 kb in length were apparent whereas no products were seen with uninfected heron sera. Interestingly, amplification of the HHBV genomes was positive in some sera only after a more than 1 : 20 dilution (Fig. 2 A, C, D) , presumably because high concentrations of proteins or of other components present in sera inhibit the PCR.
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HHBV DNA consensus sequence and comparative analysis
The HHBV-PCR products were gel-purified and directly sequenced with a set of six primers (see Methods) complementary to regions highly conserved in all avian hepadnaviruses known so far (Scho$ del et al., 1991 Heron hepatitus B virus sequence heterogeneity Heron hepatitus B virus sequence heterogeneity HHBV genome sequences of the virus population in each of four sera (HHBV-A to D) were determined and compared with that of the previously cloned HHBV-4 genome (Sprengel et al., 1988) (Fig. 3) . In the sequencing gel, heterogeneity was seen only at very few positions (Fig. 3) , indicating a surprisingly homogeneous virus population. The five HHBV sequences are identical in length (3027 bp) (Fig. 3) , which is in contrast to the length heterogeneity known for DHBV isolates (Scho$ del et al., 1991) . The mean nucleotide identity between all five sequences varies between 93 % and 99 %. Comparison of HHBV genomes A to D with those of the cloned HHBV-4 genome shows nucleotide divergence at 279 positions (9n2 %). This is a rather high sequence variation when taking into account that all sera were from animals captured in Northern Germany but not when considering that herons are migrating birds.
Of the 279 variant nucleotide positions 22 are conserved in the four newly determined HHBV genomes. This implies that HHBV-4 has unique mutations at 22 positions (Fig. 3) . Except for the N-terminal end of the P-protein, the small envelope protein and the X-like protein coding regions which show little DNA sequence variability, the heterogeneous positions are rather homogeneously distributed over the entire HHBV genomic sequences (Fig. 3) . None of the variable nucleotide positions of the HHBV genomes are located in regions known to be important for DHBV replication and transcription (Fig. 3) . Furthermore, the C-gene promoter region, a strong DHBV enhancer element, and all binding sites for various transcription factors (Crescenzo-Chaigne et al., 1991 Lilienbaum et al., 1993 ; Liu et al., 1991 Liu et al., , 1994 Scho$ del et al., 1991) are highly conserved in HHBV (Fig. 3) . The sequence of a binding site for hepatocyte nuclear factor 3 (Fig. 3 ) recently suggested to be critical for the activity of the TATA-less promoter of the DHBV S-gene (Welsheimer & Newbold, 1996) is not present in HHBV. This suggests that the S-gene promoter of HHBV is regulated differently.
The DHBV pregenome contains two encapsidation signal sequences (Hirsch et al., 1991 ; Calvert & Summers, 1994) . One, designated ε, located at the 5h-end of the DHBV RNA pregenome, consists of a stem-loop structure and differs slightly from that of HHBV (Pollack & Ganem, 1993) . The ε-region is highly conserved in all HHBV isolates with only one nucleotide change (G to A at position 2586). The mutation is located in the lower part of the upper stem, the sequence of which is known to be less important for encapsidation function (Pollack & Ganem, 1993) . The second signal sequence for encapsidation mapped about 380 nucleotides downstream of the initiation site for P-protein translation is 170 nucleotides long. The analogous region in HHBV (nt 551-718) is not fully conserved between all HHBV genomes. The variation at 10 nucleotide positions corresponds to a sequence divergence of 6 %, which is lower than the average calculated for the complete genomes (9n2 %).
HHBV genes and proteins predicted from the DNA sequences
Like the known avian hepadnaviruses, all HHBV genomes have genes encoding the multifunctional P-, preC\C-and preS\S-proteins. However, unlike all DHBV isolates, all HHBV genomes, including that of HHBV-4, have an additional short open reading frame (ORF) which is highly conserved. Interestingly, this ORF is located in a position similar to that of the X-gene of mammalian hepadnaviruses (Fig. 4) .
PreC/C-proteins
Only three amino acid changes were identified in these proteins (Figs 4 and 5) , indicating high sequence conservation. A precore\core glycosylation site present in some DHBV strains cannot be glycosylated in HHBV as it is mutated (-TVT-, aa 203-205) (Fig. 5) . However, there are two putative glycosylation sites present at the C-terminal end of the C coding region of all HHBV genomes ( Fig. 5 ; aa 244-246 and 296-298) which may be functional. Corresponding glycosylation sites are not present in DHBV genomes (Fig. 5, and Scho$ del et al., 1991) . One of these two putative sites is located at the C-terminal end of the preC-protein which is cleaved off during its proteolytic processing.
The viral P-protein
The sequence motif YMDD of the active site of RTase, several amino acids essential for RNase H activity (Chang et al., 1990 ; Chen et al., 1992) and the tyrosine residue to which the DNA minus-strand is covalently linked (Weber et al., 1994 ; are conserved in the HHBV P-protein (Fig. 6) . Out of 166 amino acids in the spacer domain of the Pprotein, changes are observed at 48 positions (29 %) whereas in the overlapping preS region only four amino acid positions are variable (Fig. 4) . This strongly argues for a non-enzymatic function of the spacer domain of the P-protein and multiple functions of the preS-protein also in HHBV genomes.
The preS/S region
The HHBV preS-region (nt 792-1289) and the S region (nt 1290-1796) encode the envelope proteins. In total, 54 nucleotide positions are variable in the preS-region of all HHBV genomes, but only four lead to amino acid changes (Figs 4 and 7) . This corresponds to a rather low variability compared to that known for DHBV (Scho$ del et al., 1991) . Three of the four amino acid changes are rather conservative whereas one is not. The latter affects a threonine residue at aa 162 in HHBV-4 which is substituted in all newly sequenced HHBV isolates by the helix-breaking amino acid proline ( 7). This drastic amino acid change is probably compatible with HHBV-4 infectivity as several proline residues are located immediately upstream thereof in all HHBV genomes (Fig. 7) . Moreover, in DHBV there is neither a threonine nor a proline at position 162 but a deletion of two amino acids (Fig. 7) . Two of the three conservative amino acid changes are located in a region shown to contribute to avian hepadnavirus host-range tropism, and none is located in a region recently shown for DHBV to bind to p180\gp170 and p120 (Fig. 7) , two putative cellular receptor proteins (Ishikawa et al., 1994 ; Ishikawa & Ganem, 1995 ; Tong et al., 1995 ; Li et al., 1996) .
When analysing potential post-translational modification sites in the preS-protein two unexpected observations were made. First, the preS-protein of HHBV lacks the N-terminally located myristylation site ; instead the small S protein has such a potential site (Fig. 7) . Therefore, in contrast to DHBV (Macrae et al., 1991 ; Gripon et al., 1995) , N-terminal myristylation of HHBV preS-protein can hardly be essential for HHBV infection. Second, a putative phosphorylation sequence motif [(S\T)PPL] localized near the C terminus of the preS1 domain in all hepadnavirus sequences and believed to be necessary for correct virion morphogenesis (Grgacic & Anderson, 1994) is absent from all HHBV preS-proteins. This suggests that phosphorylation at this site is not required for HHBV infectivity. The replication of the HHBV-4 genome and secretion of HHBV-4 viral particles in cell culture shown previously implies that phosphorylation at this site is also dispensable for replication, particle assembly and secretion. However, the sequence motif TPPP in the central area of the preS1 domain of all HHBV genomes may serve as an alternative site. Further (S\T)P motifs previously speculated to be phosphorylated during infection are located within the S-domain of different DHBV and HHBV isolates.
Unlike DHBVs, which express three N-terminally truncated preS-proteins initiated at internal AUGs (Fernholz et al., 1993) , HHBV can initiate translation of only two such preS-proteins at internal AUGs. Only one of the internal AUGs is at the same position in HHBV and DHBV (Fig. 7) , suggesting that Nterminally truncated preS-proteins are produced in all avian hepadnaviruses and may have a role in virus infection.
Within the small S protein three conservative and one nonconservative amino acid changes were noted between the five HHBV sequences (Fig. 7) . The latter change is probably compatible with HHBV infectivity as three of the isolates have a proline and two an alanine at the same position. Note, the Cterminal end of the small envelope protein of all HHBV genomes is two amino acids shorter than that of all DHBV isolates which may imply a host range and\or host-specific receptor binding function of this protein.
A conserved N-terminally truncated X-like protein
All HHBV genomes, including HHBV-4, have a short ORF located in a position similar to that of the X-gene of mammalian hepadnaviruses. The putative HHBV-specific X-like protein has a molecular mass of 8 kDa (Fig. 8 ) and corresponds to an N-BHBE Fig. 6 . P-protein sequences of the HHBV and DHBV-26 genomes. Sites essential for the activity of the reverse transcriptase (RT) and RNase H (RH) are boxed. The tyrosine residue of the P-protein to which the DNA is covalently linked during DNA minus-strand synthesis is indicated by an asterisk. The spacer domain, defined as the region overlapping with the preS-protein domain, is marked. Small bars mark deletions artificially introduced into the DHBV or HHBV genome for optimal alignment.
terminally truncated mammalian X-protein. The latter is known to be produced by translation initiation at an internal AUG (Kwee et al., 1992) . Therefore, X-proteins similar in size and function may be expressed by both type of viruses. Nterminally truncated mammalian X-proteins and HHBV X-like proteins range in sequence identity from 9n8 % to 20 % and in similarity from 38 % to 44 % (data not shown). This observation and the rather high sequence divergence between X-proteins of H. J. Netter and others H. J. Netter and others Fig. 7 . PreS/S-protein sequence of HHBV and DHBV-26 genomes. Putative myristylation sites are boxed. Dots mark potential translation initiation sites within the preS-domain. Regions of DHBV preS-proteins which contribute to host-range specificity and which bind to putative cellular proteins are underlined. A triangle marks the position of a potential phosphorylation site, and a rectangle marks a putative phosphorylation site in the DHBV preS-protein. Small bars mark deletions artificially introduced into the DHBV genome for optimal alignment. the various mammalian hepadnaviruses (Scho$ del et al., 1989 ; Arii et al., 1992 ; Takada et al., 1994) may indicate that hepadnaviral X-protein sequences are more strongly determined by the host than those of all other viral proteins.
The sequence of the Ross goose isolate (RGHV) (GenBank accession number M95589) also has a putative X-like ORF at the same position as HHBV which could code for a X-like polypeptide of 66 amino acids with 86 % sequence identity to that of HHBV (Fig. 8) . Interestingly, all other DHBV strains also contain an X-like reading frame but without an AUG translation initiation codon (data not shown). Provided an unconventional translation initiation codon is used, as known for a number of viral and cellular genes (for review see Merrick, 1992) , or appropriately spliced mRNAs are produced, X-like proteins may be expressed by all avian hepadnaviruses. Experimental studies are ongoing to test this hypothesis and should elucidate the putative function of avian X-proteins.
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